Background. Infants with congenital diaphragmatic hernia (CDH) are at an increased risk of respiratory morbidity from recurrent respiratory tract infections including those from respiratory syncytial virus (RSV). Prospective studies on RSV prophylaxis in CDH infants are limited. We determined the risk of respiratory illness-and RSV-related hospitalizations (RIH and RSVH, respectively) among infants prophylaxed for CDH, standard indications (SIs) and those without increased risk (NR).
Respiratory syncytial virus (RSV) is a viral pathogen causing acute lower respiratory tract illness and affects nearly 90% of children by the age of 2 years [1] . RSV lower respiratory tract infections are associated with increased subsequent healthcare resource utilization, morbidity, and mortality [2] [3] [4] , especially in premature infants and those with chronic lung disease and significant congenital heart disease [5] [6] [7] . Furthermore, infants with preexisting medical conditions have the highest case fatality rates [5, 6] .
Congenital diaphragmatic hernia (CDH) occurs when the diaphragm fails to close during prenatal development, causing the abdominal organs to migrate into the chest. Consequently, fetal lung development and maturation are compromised, resulting in pulmonary hypoplasia [8] . Approximately 1 in 2000-3000 infants [8] [9] [10] is born with CDH and these infants are at high risk for respiratory morbidity. Accordingly, infants with CDH have been reported to be at an increased risk for recurrent respiratory tract infections, including severe RSV infection, because of preexisting pulmonary hypoplasia, persistent pulmonary hypertension, and obstructive lung function after neonatal discharge [5, [11] [12] [13] [14] [15] [16] .
Palivizumab is a humanized monoclonal antibody that has been approved for prophylaxis against RSV in high-risk infants [6, 7] . The Canadian Paediatric Society [7] states that children with chronic pulmonary disease other than chronic lung disease should not be routinely offered prophylaxis. However, prophylaxis may be considered for children <2 years of age who are on home oxygen, have had a prolonged hospitalization for severe pulmonary disease, or are severely immunocompromised. While limited evidence suggests that palivizumab may be beneficial in reducing the severity of RSV illness and RSV-related hospitalization (RSVH) [14, 17] , the impact of RSV prophylaxis in CDH in early infancy remains unclear. Therefore, the primary objective of this article was to determine the risk of respiratory illness-related hospitalization (RIH) and RSVH in infants with CDH who received RSV prophylaxis with palivizumab during the RSV season compared to infants prophylaxed for standard indications (SIs) and those who received prophylaxis but were considered not at increased risk (NR).
METHODS
The Canadian Respiratory Syncytial Virus Evaluation Study of Palivizumab (CARESS) was a prospective, longitudinal, observational cohort study of high-risk infants prophylaxed with palivizumab between the 2005 and 2017 RSV seasons across 32 participating sites. On a monthly basis, the registry tracked palivizumab usage and adherence to monthly injections during the RSV season (November-March) and evaluated respiratory illness-related events that led to hospitalization. These events included apnea, bronchiolitis, decreased oxygen saturation, pneumonia, respiratory distress, and respiratory arrest. Prior to enrollment, written informed consent forms in English or French, outlining the use and disclosure of the patient's personal and health data, were collected from the parents or legal guardian. Any infant who received at least 1 dose of palivizumab during the RSV season was eligible for enrollment. Infants were excluded if they were receiving palivizumab or any other monoclonal antibody as part of a clinical trial during the study period, or if their parents or legal guardian could not communicate in English or French. Eligible children were enrolled after the first injection and before the third injection to facilitate data collection. Patient demographics, neonatal course events, prior medical history, and details of palivizumab administration were obtained at baseline. Follow-up telephone interviews were conducted monthly to collect data on palivizumab utilization and adherence, changes in baseline data, adverse and respiratory illness events, and related complications.
Following a hospitalization, details of the hospital stay were extracted from the patient's medical record after parental or legal guardian approval. These details included diagnoses at the time of admission, duration of hospital stay, requirement for respiratory support (invasive and noninvasive), oxygen therapy, intubation, mechanical ventilation, and laboratory confirmation of RSV. RSV diagnosis was determined using polymerase chain reaction, enzyme or immunofluorescent assay, or viral culture on nasopharyngeal swabs, aspirates, or washes obtained from the patients during their hospital stay. An RIH with a positive RSV test was categorized as an RSVH.
Study Definitions
CDH was defined as the presence of abdominal organs in the thoracic cavity requiring surgery. Subjects presenting with CDH were selected from the CARESS database, regardless of any other coexisting medical disorders. In keeping with pediatric advisory guidelines, only children aged <2 years were included. The SI category comprised of infants with indications currently approved for palivizumab by the majority of international consensus guidelines (premature infants ≤35 completed weeks gestational age, children with bronchopulmonary dysplasia [chronic lung disease], and those with hemodynamically significant congenital heart disease) [6, 7, 18] . Infants in the NR group had no comorbidity and received RSV prophylaxis as part of multiple births of which 1 sibling qualified for prophylaxis. RSV prophylaxis was provided to healthy NR infants as a protective strategy to reduce RSV transmission to high-risk, multiple-birth siblings [19] .
Adherence to palivizumab was defined as receipt of ≥5 or at least the expected number of injections during the RSV season, and within the recommended time intervals between doses [20] . Expected number of injections was calculated as 1 injection per month from the first injection to the last month of the RSV season. The accepted time intervals for palivizumab administration were 16-35 days between the first and second injection and 25-35 days between the remaining injections.
Statistical Analysis
All statistical analyses were conducted using SPSS version 25.0 software (IBM Corporation, Armonk, New York). Baseline demographic and neonatal characteristics were compared between the CDH, SI, and NR groups using the Pearson χ 2 test
for categorical variables and analysis of variance for continuous variables. Additionally, nonparametric continuous demographic variables are reported using median and interquartile range, and Kruskal-Wallis tests were performed to compare these variables between groups. A P value < .05 was considered to be statistically significant for all analyses. RIH and RSVH rates were calculated for descriptive purposes. Cox proportional hazards analyses using a backwards conditional method were conducted to compare RIH and RSVH risks between children with CDH vs the SI and NR groups, respectively. Hazards for RIH and RSVH were estimated by the number of days from enrollment to the patient's first RIH or RSVH. Results for each individual regression are reported as hazard ratios (HRs) with 95% confidence intervals (95% CI), and P values.
RESULTS
A total of 21 107 infants were included (201 CDH, 389 NR, and 20 517 SI infants). Overall, infants received 4.3 ± 1.4 injections, which differed across groups; the mean number of injections ± standard deviation for CDH, NR, and SI was 4.6 ± 1.2, 4.6 ± 1.1, and 4.3 ± 1.4, respectively (χ 2 = 13.2, degrees of freedom [df] = 2; P < .0005). Cumulatively, 13 583 (64.4%) of children were perfectly adherent, meeting criteria for both interinjection interval and expected number of injections. Perfect adherence was different across the study groups: 63.2%, 74.6%, and 64.2%, for CDH, NR, and SI, respectively (χ 2 = 18.0, df = 2; P < .0005). Table 1 depicts the demographic comparisons between the groups, where all of the variables, except school-aged siblings or siblings in daycare and family history of atopy, were statistically significant (P < .05). These variables were therefore, adjusted for in subsequent Cox proportional hazards analyses. Higher proportions of CDH children were male, in day care, and of older gestational age, and had a higher birth weight compared to the NR and SI groups. The neonatal characteristics of the CDH, NR, and SI groups are described in Table 2 . Greater proportions of CDH infants required respiratory support and oxygen therapy than the other subpopulations. They also experienced longer duration of hospital stay and episodes of sepsis. Table 3 describes RIH and RSVH incidences across the study populations. A total of 1292 children were hospitalized 1538 times. Children were hospitalized from 1 to 6 times. Cox proportional hazard analyses were conducted to compare the risk of RIH and RSVH across groups while controlling for potential confounders listed in Table 1 along with adherence and number of injections. The RIH hazard of CDH patients was significantly higher compared to NR but similar to SI, as shown in Figure 1 
DISCUSSION
In the present study, CDH infants had an approximately 4-fold increased risk of RIH compared to nonrisk infants but not those with SI. RSVH risk was similar across all groups, suggesting that prophylaxis is beneficial for risk reduction in CDH.
Infants with CDH generally present with complications including pulmonary hypoplasia and pulmonary hypertension [8, 10, 16, 17] as well as chronic lung disease, neurological, gastrointestinal, and musculoskeletal sequelae, which places them at a higher risk for respiratory illness during infancy and early childhood [8, 17, 21] . Koziarkiewicz et al [16] reported that 34% of children with CDH repair experienced an average of 6-8 recurrent respiratory tract infections a year, which they attributed to lower perfusion of the ipsilateral lung. Overall, the incidence of respiratory symptoms coupled with recurrent infections has been estimated to range from 24% to 60% [15, [21] [22] [23] . Our study definitively confirms that infants with CDH have an increased hazard for RIH in the first 2 years of life compared with healthy infants, but the risk is similar to that of SI infants.
Survivors with CDH are likely prone to RSV infection and subsequent hospitalization because of both preexisting and incurred pulmonary morbidity during the neonatal course. This study also identified lower gestational age as a predictor of increased risk for RSVH, which was expected as gestational age is an independent risk factor for RSVH [2] . However, information regarding the true incidence of RSVH in infants with CDH is limited. In a large Danish RSV database study of children aged 0-23 months, 9 (11.1%) children with CDH were identified with an incidence rate ratio of 1.41 (95% CI, .66-3.01) for RSVH (P = .38) [24] . In a recent study, 6.9% of the CDH study population (n = 19) was hospitalized with RSV infection with an RSVH rate of 13.7% for the first RSV season and 20.7% over 2 seasons [14] . This RSVH rate was similar to the study by Masumoto et al [12] , who reported a rate of 23.8%. In comparison, this study found an RSVH rate of 0.6% in infants with CDH who received prophylaxis, similar to rates of RSVH risk in unprophylaxed healthy term infants (0.8%-2.0%) [25] [26] [27] [28] [29] . Unfortunately, no studies to date have examined the role of palivizumab in healthy term infants. However, the motavizumab randomized trial conducted in healthy term Native American infants indicated that there was an 87% relative reduction in RSVH (11% placebo; 2% motavizumab) [30] . Assuming that palivizumab may have an equal efficacy in CDH, our study may indicate a possible 94.5% reduction in RSVH in children with CDH (11% placebo; 0.6% palivizumab). These findings suggest that RSV prophylaxis in infants with CDH may be warranted. Prophylaxis may also be beneficial in attenuating the risk of RSV-induced recurrence of the hernia postsurgical repair in up to 40% of infants with CDH [12] . While palivizumab was associated with a lower rate of RSVH in this study, adherence was lower in infants with CDH compared with NR infants. Scheduled visits to multidisciplinary healthcare professionals during follow-up may have compromised the parents' ability to maintain the recommended interdose injection schedule for prophylaxis. It is also possible that parents with twins (NR category) are more likely to maintain their scheduled visits, recognizing that RSV has a broader impact on the whole family. However, this is speculative and should be explored in future studies.
The incidence of off-label use of palivizumab in CDH is unclear and limited to a few case series without a control group [14, 17] . Muratore et al [17] documented that prior to the use of palivizumab, 2 patients with CDH (25%) required admission to intensive care but, following the adoption of prophylaxis in 1997, 36% (8/22) patients aged <3 years were seen in the emergency room with respiratory distress and were discharged. RSV positivity in the affected subjects was not stated. Resch et al showed no differences in hospitalizations due to RSV in infants who received palivizumab (0%) compared to those without prophylaxis (5%) [14] . However, the Italian neonatal society indicated that the evidence for the use of palivizumab in CDH infants is low (level of evidence, V; strength of recommendation, B) but should be carefully considered for patients with severe disease during the RSV epidemic season [18] . The definition of severe disease was not specified. In addition, a Delphi study [31] and recommendations by the Section on Surgery and Fetus Newborn Committee in the United States [23] , indicate that palivizumab should be used for the prevention of RSV in infants <2 years of age with CDH and associated chronic respiratory insufficiency or chronic lung disease. In line with these recommendations, our study indicates that infants with CDH remain at risk for RSVH in the first 2 years of life. Canadian pediatricians currently target infants for RSV prophylaxis at a provincial level, on a case-by-case basis based on operative repair performed at <6 months rather than 12 months prior to the onset of the RSV season [31] , to minimize the potential risk of CDH recurrence. In some provinces, the request for prophylaxis for children with CDH also requires a referral letter from a pulmonologist to indicate that the child has residual respiratory compromise postsurgery. Analysis was adjusted for appropriate demographic variables (see Table 1 ). Abbreviations: CDH, congenital diaphragmatic hernia; NR, not at increased risk; SI, standard indication.
Our study has several limitations that merit consideration. First, not all patients with CDH were captured, as enrollment was voluntary. Overall, during the 2016-2017 season in the CARESS registry, 1369 of 1406 (97.4%) potential subjects were enrolled. RSV incidence was likely underestimated as not all patients were tested for RSV. In addition, while RIH risk may not be directly related to the value of palivizumab prophylaxis, it is an important outcome since children with CDH are at an increased risk for RIH. Also, despite the CDH sample size in this study being the largest in the published literature, it was still relatively small compared to the other groups, which could have limited our ability to accurately compare the risk of RSVH across the groups. Furthermore, in the absence of antenatal ultrasound data on the lung-thoracic transverse area ratio, other prenatal indicators and postnatal oxygenation and oxygen saturation indices that may be reflective of the degree of pulmonary hypoplasia in infants with CDH [32, 33] , we are unable to recommend prophylaxis based on CDH severity. However, in a cohort of 100 infants with CDH, pulmonary problems constituted a source of morbidity, particularly in the first 2 years of life, even with mild CDH treated with gentler ventilation strategies [17] . Future studies should explore the efficacy of prophylaxis in relation to CDH severity to inform clinical practice. Last, the CARESS registry is an observational prospective study, without a control group. As in other groups of children sharing uncommon or rare diagnoses, a randomized double-blind, multicenter, placebo-controlled trial may be difficult to execute. Given the consequences of RSV infection in an already vulnerable group of children, even if a randomized controlled trial was feasible, clinicians may have ethical concerns about the use of placebo. Despite the absence of a control group, our prospective, multicenter study was rigorously conducted and showed a low incidence of RSVH compared to the other 2, relatively small retrospective, single-center studies [14, 17] , suggesting that palivizumab worked effectively in these infants.
CONCLUSIONS
Infants with CDH in the CARESS registry who received palivizumab had an increased RIH hazard compared with the NR prophylaxed group. Similar RSVH hazard between CDH, NR, and the SI groups, coupled with low RSVH incidences, suggests that infants with CDH may benefit from palivizumab by reducing RSVH during the RSV season. This may consequently result in improved obstructive lung disease and restrictive lung function, but this remains to be determined sequentially through childhood, adolescence, and adulthood. Further large, prospective, long-term studies are awaited on the use of RSV prophylaxis in this population to confirm our findings. 
